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An investigation has been made of the effect 

of precipitation of a CaTiO3 rich dispersed phase 

on the shape, organization and thickness of ferr- 

electric domains in BaTiOg. 

related precipitate could be produced despite the 

close structural similarity of the phases involved. 

These effects have been correlated with changes in 

dielectric aging behavior and it is shown that 

aging is not a simple thermally activated process. 

No morphologically 

.- 
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In t roduc t ion  

T h e  i n v e s t i g a t i o n  of s t ruc tu re -p rope r ty  r e l a t i o n s h i p s  

has  proven very  f r u i t f u l  i n  t h e  a n a l y s i s  of m e t a l l i c  systems. 

The gene ra l  purpose of t h i s  study was t o  u s e  such an approach 

i n  t h e  a r e a  of two-phase, f e r r o e l e c t r i c  ceramics.  

f i c  purpose of t h i s  i n v e s t i g a t i o n  was t o  observe t h e  e f f e c t  of 

a d i s p e r s e d  second phase on t h e  domain s t r u c t u r e  of barium 

t i t a n a t e  and t o  c o r r e l a t e  such e f f e c t s  w i t h  i t s  d i e l e c t r i c  

p r o p e r t i e s ,  p r i m a r i l y  with d i e l e c t r i c  aging b e h a v b r .  A 

secondary 

of  second phase p r e c i p i t a t i o n  i n  t h e  system BaTi03 - CaTi03. 

Th i s  system was chosen because t h e  s o l u b i l i t y  of CaTi03 i n  

J 

purpose was t o  study t h e  k i n e t i c s  and morphology 

BaTi03 dec reases  wi th  decreasing temperature (F igure  1) . 
This  of course  i s  a necessary  p r e r e q u i s i t e  of any system i n  

which a second phase d i spe r s ion  i s  t o  be e f f e c t e d  by p r e c i p i -  

t a t i o n .  

D i e l e c t r i c  aging is  t h e  decrease i n  t h e  d i e l e c t r i c  

c o n s t a n t ' o f  barium t i t a n a t e  which occurs  over  a pe r iod  of 

days a f t e r  t h e  m a t e r i a l  has  been quenched from above i t s  Curie  

tempera ture .  Since d i e l e c t r i c  aging i s  thought t o  be r e l a t e d  

t o  f e r r o e l e c t r i c  domain w a l l  movement, and s i n c e  t h e s e  domain 
1 

/ 
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w a l l s  c o n s t i t u t e  a s t r u c t u r a l  d e f e c t  i n  the  l a t t i c e ,  it might 

be expected t h a t  a d i spe r sed  second phase would have an e f f e c t  

on aging k i n e t i c s  by i n t e r f e r i n g  with wal l  motion. T h i s  may 

be  thought of a s  d i spe r s ion  h r d e n i n g  of d i e l e c t r i c  behavior  

analogous t o  t h e  d i spe r s ion  hardening of mechanical proper- 

t i e s  i n  m e t a l l i c  systems. 

Because of t h e  c r y s t a l l o g r a p h i c  na tu re  of these i n t e r -  

a c t i o n s  they  should be enhanced by a p r e c i p i t a t e  which i s  

morphological ly  r e l a t e d  t o  t h e  m a t r i x  a s  i s  t h e  case  f o r  a 

coherent  p r e c i p i t a t e  o r  a Widmanstotten s t r u c t u r e .  CaTi03 

was t h e  i d e a l  s o l u t e  i n  t h i s  r e spec t  a l s o  s i n c e  it has  essen- 

t i a l l y  t h e  same p e r o v s k i t e  c r y s t a l  s t r u c t u r e  a s  BaTi03 and 

the  l a t t i c e  parameters of t h e  t e rmina l  s o l i d  s o l u t i o n s  d i f f e r  

2 
by less than  4 p e r  cen t .  

e f f e c t  on t h e  Cur ie  temperature of BaTi03 

I n  add i t ion ,  CaTi03 has  l i t t l e  

3 
so t h a t  t h i s  was 

n o t  a complicat ing va r i ab le .  

Experimental  Procedure 

S o l i d  s o l u t i o n  specimens were prepared from Ti02, BaC03, 

and CaC204 powders which w e r e  combined i n  t h e  proper  p ropor t ions  

t o  produce a 20% CaTi03 a l l o y  af ter  r e a c t i o n  t o  form t h e  oxides .  

Th i s  procedure was used  t o  e n s u r e  s to ich iometry  s i n c e  a l l  com- 

m e r c i a l  BaTi03 h a s  an excess  of Ti02. To ensure homogeneity 

t h e  powders w e r e  subjec ted  t o  an i n i t i a l  b lending  t rea tment .  
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This  c o n s i s t e d  of c a l c i n i n g  t h e  powders f o u r  t i m e s  a t  1350°C 

f o r  24 hours ,  t h e  r e s u l t i n g  s i n t e r e d  cake being ground t o  -240 

mesh a f t e r  each c a l c i n a t i o n .  The blended powders w e r e  t hen  

ground of -325 mesh and h o t  pressed a t  1350°C f o r  4 hours  i n  

g r a p h i t e  d i e s .  This  produced a d i s k  specimen about 1 . 3  c m  

i n  d iameter  and 0 . 3  c m  t h i c k  with a dens i ty  be tween 80 and 90% 

of t h e o r e t i c a l .  The d i s k s  were s o l u t i o n  h e a t  t r e a t e d  a t  154OoC 

f o r  48 hour s  i n  a i r .  

The l a t t i c e  parameter of t h e  BaTi03 r i c h  phase ind ica t ed  

t h a t  t h i s  t r e a t m e n t  was s u f f i c i e n t  t o  put a l l  t h e  CaTi03 i n t o  

s o l i d  s o l u t i o n  and no d i f f r a c t i o n  peaks w e r e  observed o t h e r  

than  those due t h i s  s o l i d  so lu t ion .  Elec t ron  microscopy of 

h igh  r e s o l u t i o n ,  better than  100 A, revealed t h a t  a l l  t r a c e s  
0 

had d isappeared  of t h e  massive CaTi03 r i c h  s o l i d  s o l u t i o n  

p a r t i c l e s  which w e r e  p re sen t  a f t e r  ho t  p re s s ing .  I n  some 

a r e a s ,  however, a s m a l l  amount, less than  0 . 1  volume per c e n t ,  

of f i n e  second phase p a r t i c l e s  was presen t .  These p a r t i c l e s  

w e r e  0 ;  1 micron and smal le r  and could  n o t  be d i s so lved  by 

s o l u t i o n i z i n g  h e a t  t r e a t m e n t s  of a s  long a s  11 days a t  154OOC 

a l though  'less t h a n  2 days was s u f f i c i e n t  t o  remove a l l  t h e  

CaTi03 r i c h  phase. 

cles have been a t t r i b u t e d  t o  a contaminant:  probably s i l i c a  

(Table I) picked up from t h e  mortar and p e s t l e  dur ing  gr inding .  

Because of t h i s  r e c a l c i t r a n c e ,  t h e s e  p a r t i -  
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The microscopic examination was performed us ing  s tandard  

chromium shadowed carbon r e p l i c a s  of t h e  pol i shed  and e tched  

s u r f a c e s  of t h e  d i s k s .  P r e c i p i t a t i o n  h e a t  t r ea tmen t s  w e r e  

c a r r i e d  o u t  a t  temperatures  from 8OO0C t o  12OO0C,  and f o r  

t i m e s  from 1/2 hour  t o  90 hours.  

BaTi03 c o n t r o l  samples of commercial p u r i t y  w e r e  pre- 

pared by both ho t  p re s s ing  and by co ld  p re s s ing  and s i n t e r i n g  

a t  14OOOC. 

specimens. I n  a d d i t i o n ,  s i n g l e  c r y s t a l ,  so l id  solution spec i -  

mens were prepared f r o m  t h e  m e l t  f o r  m i c r o s t r u c t u r a l  cornpari- 

son wi th  p o l y c r y s t a l l i n e  specimens. 

The t w o  processes  produced e s s e n t i a l l y  i d e n t i c a l  

The aging behavior  of each specimen was followed by 

quenching it from above t h e  C u r i e  p o i n t  i n t o  an o i l  bath 

thermosta ted  a t  t h e  des i r ed  aging temperature .  The c o n t r o l  

was be t te r  than - + 0.5'C. 

6 0 ° C  and 22'C. Capacitance was measured by means of a 

General Radio impedance br idge ,  Type 1650-A a t  a frequency 

The aging temperatures  w e r e  l C O ' C ,  

of mlp kilr\cycle m d  a field sf GE2 r . m . s .  volt /centLi&er.  

S i n q l e  Phase Micros t ruc ture  

F igure  2 is  an e l e c t r o n  photomicrograph of pure  poly- 
4 

c r y s t a l l i n e  barium t i t a n a t e .  It shows a t y p i c a l  system of 

90" and 180' domains divided by a (111) type twin .  The 90" 

domains t e n d  t o  be grouped i n t o  bands such as those  observed i n  
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l a r g e  s i n g l e  c r y s t a l s  by seve ra l  au thors .  A s  is  t y p i c a l  

of pure BaTiU3, t h e  90" domains a r e  q u i t e  s t r a i g h t  and have 

a mean t h i c k n e s s  of 0.19 microns .  The average g r a i n  diameter 

was about 30 microns. 

The s i n g l e  phase s o l i d  s o l u t i o n  p o l y c r y s t a l l i n e  specimens 

had very i r r e g u l a r  domain s t r u c t u r e s  (F igure  3) wi th  a mean 

90" domain th i ckness  of on ly  0 .03  microns, which i s  an order  

of magnitude decrease from t h a t  of t h e  pure  ma te r i a l .  N o  

banding was observed. 

The s i n g l e  c r y s t a l  s o l i d  s o l u t i o n  specimens had a some- 

what c o a r s e r  and more r egu la r  domain s t r u c t u r e  (F igu re  4) 

t han  t h e  p o l y c r y s t a l l i n e  specimens. The mean t h i c k n e s s  of 

90° domains was 0 .07  microns. T h e  most ou ts tanding  f e a t u r e  

of t h i s  mic ros t ruc tu re  was t h e  pronounced banding of t h e  90° 

domains. This  supports  t h e  con ten t ion  t h a t  banding i s  primari-  
6 

l y  e f f e c t e d  by t h e  s t r a i n  inherent  i n  p o l y c r y s t a l l i n e  specimens, 

w h i l e  t h e  r e g u l a r i t y  and t o  some e x t e n t  t h e  t h i c k n e s s  of the 

3 o o  domaiiis derjeiid on the aii iount of solute in s s l i d  solutioil. 

Two Phase Micros t ruc ture  

The most p e r t i n e n t  and unexpected c h a r a c t e r i s t i c  of the  

t w o  phase mic ros t ruc tu re  was t h a t  no morphologically r e l a t e d  

p r e c i p i t a t e  could  be produced by any hea t  t r ea tmen t ,  This  
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occurred d e s p i t e  t h e  c l o s e  s t r u c t u r a l  s i m i l a r i t y  of t h e  

alpha and b e t a  phases.  

P r e c i p i t a t i o n  h e a t  t r ea tmen t s  a t  t h e  h i g h e r  tempera- 

t u r e s  produced s u b s t a n t i a l  q u a n t i t i e s  of  t h e  CaTi03 r i c h  

second phase, gamma. A t  1350°C it was found t h a t  4 .6  volume 

p e r  c e n t  gamma had p r e c i p i t a t e d  a f t e r  one hour,  and 8 . 6  p e r  

c e n t  a f t e r  16  hours.  A t  1200°C t h e  amount of second phase 

increased  from 1 . 6  volume p e r  c e n t  a f t e r  1 /2  hour  a t  temperature 

t o  7 .0  volume per  c e n t  a f t e r  90  hours  (F igure  5 ) .  The equi- 

l i b r ium amount a t  t h i s  temperature would be 11.5 volume p e r  

c e n t .  A t  1 1 O O ' C  t h e  amounts v a r i e d  from ze ro  a t  1 hour  t o  

5 . 7 5  volume p e r  cen t  a f t e r  11 hours .  An a c t i v a t i o n  energy 

f o r  t h e  p r e c i p i t a t i o n  process  was determined from t h e s e  d a t a  

b u t  i s  of l i t t l e  s ign i f i cance  due t o  t h e  g r e a t  s c a t t e r  i n  t h e  

d a t a  which r e s u l t e d  i n  an extremely l a rge  95 p e r  c e n t  conf i -  

dence i n t e r v a l ;  i . e . ,  E = 8 . 2  + 5.7 K C a l / m o l e .  

The second phase p a r t i c l e s  formed a t  1200°C w e r e  gene ra l ly  

massive,  ranging i n  s i z e  up t o  40 microns (F igure  6 ) .  I n  s o m e  

c a s e s  t h e  l a r g e r  gamma p a r t i c l e s  completely enveloped i s l a n d s  

of t h e  BaTi03 s o l i d  so lu t ion  (F igure  7 ) .  

i nc reased  from about 0.04 microns for  t h e  s h o r t e r  t i m e s  t o  

about  0 .05 mic rons  a t  t h e  longer  t i m e s  (Table 11). This  

co inc ided  w i t h  a decrease  i n  t h e  average s o l u t e  con ten t  of 

The 90" domain widths  
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t h e  alpha phase. 

A t  t h e  lower temperatures,  below 1000°C, t h e  amounts 

of  second phase never  exceeded a f r a c t i o n  of a p e r  c e n t ,  

and t h e  p a r t i c l e  s i z e s  ranged down t o  0 .05  microns  with a 

mean f r e e  pa th  between p a r t i c l e s  of about 0 . 5  microns (F igure  

8 ) .  Thas t h e r e  was n o  s i g n i f i c a n t  change i n  t h e  average s o l u t e  

con ten t  of t h e  alpha from t h a t  of t h e  homogeneous s c l i d  solu-  

t i o n  and t h e  r e g u l a r i t y  and th i ckness  of t h e  90" domains w e r e  
) 

t h e  same a s  i n  t h e  s i n g l e  phase specimens. 

Capacitance 

I n  a l l  c a s e s  t h e  capaci tance was found t o  decrease  wi th  

a logar i thmic  dependence on t i m e  a f t e r  an i n i t i a l  t r a n s i e n t  

per iod  of s e v e r a l  minutes (F igu re  9 ) .  This i s  t h e  usua l  be- 

hav io r  observed dur ing  d i e l e c t r i c  aging.  Because of t h i s  

logar i thmic  dependence, the ag ing  r a t e  i s  usua l ly  reported 

a s  t h e  per c e n t  decrease  i n  capac i tance  p e r  decade. I n  t h i s  

c a s e ,  a l l  d a t a  w e r e  converted t o  va lues  of t h e  d i e l e c t r i c  

cons t an t  and t h e  s t r a i g h t  l i n e  p o r t i o n  was ex t r apo la t ed  back 

t o  one minute, which value was used a s  t h e  i n i t i a l  va lue  i n  

computing t h e  aging r a t e .  For  pure barium t i t a n a t e ,  t h e  ag ing  

r a t e  i nc reased  f r o m  1 . 7  per c e n t  per decade a t  room temperature  

t o  5.7 p e r  c e n t  p e r  decade f o r  aging a t  100°C (F igure  1 0 ) .  

l 

It 

has been suaaes ted  bv Mason' t h a t  t h i s  temperature  dependence 
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i n d i c a t e s  t h a t  aging i s  a thermally a c t i v a t e d  process .  The 

aging r a t e  of t h e  s o l i d  so lu t ion ,  however, was found t o  decrease 

wi th  aging temperature  from 6 . 7  p e r  c e n t  p e r  decade a t  100°c t o  

1 . 5  per c e n t  per decade a t  room temperature  (F igu re  10). 

Thus t h e  aging r a t e  of pure  BaTi03 inc reases  with tempera- 

t u r e  a s  i s  c h a r a c t e r i s t i c  of a thermally a c t i v a t e d  p r m e s s ,  

bu t  t h e  ag ing  r a t e  of t h e  s o l i d  s o l u t i o n  decreases  with t e m -  

p e r a t u r e  which i s  e x a c t l y  con t r a ry  t o  t h e  behavior expected 

of  such a thermally ac t iva t ed  process .  Aging, t hen ,  must 

be cons idered  a more complex process  t o  which t h e  d i r e c t  app l i -  

c a t i o n  of an Arrhenius ana lys i s  i s  inappropr i a t e .  

The specimen wi th  a f i n e  d i s p e r s i o n  of t h e  second phase 

and l i t t l e  change i n  t h e  average s o l u t e  conten t  of t h e  alpha 

from t h a t  of t h e  homogeneous s o l i d  s o l u t i o n  e x h i b i t e d  t h e  same 

aging  behavior  a s  t h e  so l id  s o l u t i o n .  O n  t h e  o t h e r  hand, 

specimens wi th  s i g n i f i c a n t  q u a n t i t i e s  of second phase, and 

hence a decreased s o l u t e  conten t ,  exh ib i t ed  aging behavior 

w h i c h  approached t h a t  of pure EaTiG3. Fur example, a s  cLrr L l l C  

average composition of t h e  BaTi03 r i c h  s o l i d  s o l u t i o n  de- 

c r e a s e d  from 20 weight pe r  c e n t  CaTi03 t o  16 weight p e r  cen t ,  

t h e  1 0 0 ° C  aging r a t e  increased from 1 . 5  p e r  cent/decade t o  

4 .6  per cent/decade, t h e  aging r a t e  of t h e  pure BaTi03 being 

5 .7  p e r  cent/decade. The aging behavior  a t  room temperature  
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showed t h e  same t r e n d  (Table 1111, while t h a t  a t  60°c 

showed no t r e n d  s ince  t h e  aging r a t e  of pure BaTi03 and 

t h e  s o l i d  s o l u t i o n  a r e  t h e  same a t  t h i s  temperature (F igu re  

1 0 ) .  Thus no e f f e c t  on t h e  ag ing  behavior can be a t t r i b u t e d  

t o  t h e  presence of a f i n e  d i spe r sed  second phase which is  

n o t  morphologically r e l a t e d  t o  t h e  matr ix .  A s  t he  s o l u t e  

c o n t e n t  of t h e  BaTi03 r i c h  s o l i d  s o l u t i o n  decreases ,  however, 

t h e  aging behavior  becomes more l i k e  t h a t  of pure BaTi03. 

C onc l u  s ion s 

From t h i s  study t h e  following conclus ions  may be drawn. 

Ths domain s t r u c t u r e  of p o l y c r y s t a l l i n e  BaTi03 becomes q u i t e  

i r r e g u l a r  and t h e  th i ckness  of t h e  90" domains decreases  by 

an o r d e r  of magnitude when a s  much a s  2 0  weight pe r  c e n t  

C a T i 0 3  i s  added i n  s o l i d  so lu t ion .  The domain s t r u c t u r e  is 

only  s l i g h t l y  c o a r s e r  and more r e g u l a r  i n  s o l i d  s o l u t i o n  s i n g l e  

c r y s t a l s ,  bu t  t h e  90" domains become organized i n t o  bands 

s i m i l a r  t o  t h o s e  observed i n  pure BaTi03 s i n g l e  c r y s t a l s .  

Thus t h e  t h i c k n e s s  and r e g u l a r i t y  of t h e  90' domains is  de- 

pendent on a l l o y  c o n t e n t  as  w e l l  a s  on t h e  s t r a i n s  inhe ren t  

i n  p o l y c r y s t a l l i n e  BaTi03, while t h e  banding behavior seems 

s e n s i t i v e  mainly t o  t h e  s t r a i n s .  The p r e c i p i t a t i o n  h e a t  

t r e a t m e n t s  produced u p  t o  7 volume per c e n t  second phase a t  

1200°C with  p a r t i c l e  s i z e s  up t o  40 microns. Below 1000°C 
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i *  only a f r a c t i o n  of a p e r  cent  of second phase was produced 

i n  the form of s p h e r i c a l  p a r t i c l e s  wi th  s i z e s  down t o  less 

than  0.05 microns and a mean free  path be tween  p a r t i c l e s  of 

about 0 .5  microns. The most unusual and s i g n i f i c a n t  r e s u l t  

of t h e  mic ros t ruc tu re  study w a s  t h a t  no  morphologically re- 

l a t e d  p r e c i p i t a t e  could be produced by any h e a t  t r ea tmen t ,  

d e s p i t e  t h e  s t r u c t u r a l  s i m i l a r i t y  of t h e  phases involved. 

The temperature dependence of t h e  aging r a t e  f o r  BaTi03- 

CaTi03 s o l i d  s o l u t e s  i s  j u s t  t h e  reverse  of t h a t  f o r  unalloyed 

BaTi03, i n d i c a t i n g  t h a t  aging is not simply a thermally 

a c t i v a t e d  process .  The presence of second phase p a r t i c l e s  

w i t h  a d i spe r s ion  comparable t o  t h e  s i z e  of t h e  90° domains 

h a s  no  observable  e f f e c t  o n  aging behavior,  bu t  a s  t h e  compo- 

s i t i o n  of t h e  alpha phase approaches t h a t  of pure BaTi03, t h e  

ag ing  behavior a l s o  becomes more l i k e  t h a t  of pure BaTi03. 
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TABLE I 

I 

Analysis  of BaTi03 - CaTi03 S o l i d  So lu t ion  

a f t e r  H o t  P r e s s i n q  

Be 0.0050 % B 0.0030 
M g  0.010 Fe 0 .015  
N i  0.0015 A 1  0.0040 
v 0.0020 C u  0.0045 
Z r  0 .010 C o  0.0045 

Si--Greater t han  0.10% 

% 

TABLE I1 

Mean Thickness of 90" Domains (microns) 

P r e c i D i t a t i o n  Heat Treatment 

Tempera- 1 /2  
t u r e (  " c )  Hour 1 Hour 4 Hours 10 Hours 32 Hours 90 Hours  

1200 0.045 0,046 0.031 0.055 
1100 0.039 0.035 0.034 0.033 

0 . 0 7 0  -- 

0.050 0.051 
0.045 -- 

(49  H r s . )  

S ing le  Phase, Solid Solu t ion  - 0.034 Microns 



TABLE I11 

Aqinq  Rate 

H ? a t  Treatment - Aginq R a t e  (%/Decade) 

- Hrs. - R . T .  60 'C 100 OC 

BaTi03- 20 w t . %  CaTi03 '/z 7 . 0  5.5 2.0 
1 6 . 6  6 . 4  1 . 8  

H o t  Pressed, So lu t ion ized  4 7 . 0  6 . 1  2 . 6  
10 5 . 9  6 .5  3.6 

90 5 . 0  7 . 3  4.7 
1540°C f o r  2 Days, Pre- 30 6 .4  3.6  3 . 7  

c i p i t a t e d  a t  1200'C for 
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F I G U R E  3. BaTi03 - 20 w t .  % CaTi03 P o l y c r y s t a l -  

l i n e  S o l i d  S o l u t i o n .  Note F i n e  I r r e g u l a r  Domain 
S t r u c t u r e .  B a l l  a t  L e f t  i s  1 / 2  Micron La tex  

Sphere for Magni f i ca t ion  and Topograph ica l  

Reference .  M a g n i f i c a t i o n  30, OOOx 
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FIGURE 6. BaTiC3 - 20 wt .% CaTi03 P r e c i p i t a t i o n  
Heat  T r e a t e d  9 0  Hours a t  1200’C. Note Large 

Second Phase  P a r t i c l e s  with N o  Doxain S t r u c t u r e  
M a g n i f i c a t i o n  7 , 3 0 0  X 



FIGURE 7 .  BaTi03 - 2C I\*.% CaTiC, P r e c i p i t a t i o n  
H e a t  T r e a t e d  a t  12CQ C fcr SO H m i r s .  N o t e  

I s l a r d s  of "Alpha" Surrounded. by ' ' G a m ~ l '  
Magnif i ca t ior !  7 , 3 0 0  X 

d 



FIGURE 8 .  BaTiO-2 I - 2Q wt .% CaTiO. , ,  P r e c i p i t a t i o n  
H c a t  Treated. a t  8 0 C ’ C  for 10 Hours .  N o t e  

F i n e  P a r t i c l e s .  M a g z i f i c a t i o n  8,OOOX 
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